The analysis of a slitless volume holographic spectrometer is presented in detail. The spectrometer is based on a spherical beam volume hologram followed by a Fourier-transforming lens and a CCD. It is shown that the spectrometer is not sensitive to the incident angle of the input beam for the practical range of applications. A holographic spectrometer based on the conventional implementation is also analyzed, and the results are used to compare the performance of the proposed method with the conventional one. The experimental results are consistent with the theoretical study. It is also shown that the slitless volume holographic spectrometer lumps three elements (the entrance slit, the collimator, and the diffractive element) of the conventional spectrometer into one spherical beam volume hologram. Based on the unique features of the slitless volume holographic spectrometer, we believe it is a good candidate for portable spectroscopy for environmental and biological applications.
Introduction
Diffractive elements such as gratings are the basis of most spectrometers. 1, 2 The ambiguity between the incident angle and the wavelength of the input beam, imposed by the basic properties of the grating, is the main limitation on the performance of grating-based spectrometers. The ambiguity is usually removed by using a spatial filter (e.g., the entrance slit) in the input, followed by a collimator, which directly reduces the throughput and increases the total size of the spectrometer. We recently proposed the idea of using a slitless spectrometer to reduce this ambiguity without using the input slit to increase the throughput of the spectrometer and reduce its size. 3 The improvement in throughput is limited by the Lagrange invariant of the optics. 4 Particularly for the incoherent input beam, the throughput of the spectrometer is constrained by the constant radiance theorem. 5 Another feature of using a slitless spectrometer is the capability of obtaining more flexibility in the design and implementation. For example, the need for optical alignment of the slit and the collimator with the rest of the spectrometer elements (which is necessary in conventional spectrometers) is completely avoided by using slitless spectrometers. In this paper we present a practical technique for implementing slitless spectrometers that is based on spherical beam volume holograms (SBVHs). We show that a compact and low-cost spectrometer can be designed by using a SBVH, thus making it a good candidate as a portable device for environmental and biological applications. We recently proposed the idea of using a SBVH as a diffractive element for spectroscopy. 3,6 -8 We showed that when the SBVH is read with a collimated beam, a dark crescent forms on the back face of the hologram. The position of the dark crescent is a function of the reading wavelength. Using this method, one can measure the spectral contents of a collimated reading beam based on the location and the intensity of the dark crescents. Besides using the dark crescent, we also showed that the diffracted crescent could be used for spectroscopic applications. 6, 7 The diffracted crescents corresponding to different incident wavelengths propagate in different directions and focus in different locations. The main limitation imposed on the performance of a simple SBVH spectrometer based on these two approaches is the ambiguity between the reading incident angle and the wavelength. Any change in the incident angle of the reading beam at a fixed wavelength also changes the location of the dark crescent and the location where the diffracted beam is focused. Therefore neither the dark crescent nor the diffracted crescent can be used directly to resolve the spectrum when the hologram is read with a noncollimated or a spatially incoherent beam. Although using a SBVH recorded in reflection geometry can reduce this ambiguity, it cannot eliminate it completely. 8 We recently demonstrated a slitless volume holographic spectrometer based on SBVH that solves the ambiguity problem in the SBVH spectrometers by using a Fourier-transforming lens after the hologram. 3 In this implementation the effect of the incident angle of the reading beam on the locations of the output is minimal. Different wavelength components are separated in different locations at the Fourier plane of the lens even when the input beam is spatially incoherent. As a result, there is no need to use a slit in the input plane of the spectrometer. This is the reason we refer to this spectrometer as a slitless volume holographic spectrometer.
In this paper we focus on the exact analysis of these slitless spectrometers. We also provide an analysis of conventional spectrometers and use the results to compare slitless spectrometers with conventional spectrometers. This analysis is important for understanding the main features and limitations of slitless spectrometers. Furthermore, it is also useful for designing and optimizing these spectrometers both for general spectroscopy and for specific applications. In Section 2 we derive the transfer function of the slitless volume holographic spectrometer. For later comparison, the transfer function of a conventional (slit-based) spectrometer, having a simple planewave hologram as a diffractive element, is derived in Section 3. The theoretical evaluations are compared with the experimental results for both cases in Section 4. In Section 5 we compare the performance of the proposed slitless spectrometer with the slit-based holographic spectrometer. Final conclusions are made in Section 6.
Transfer Function of the Slitless Volume Holographic Spectrometer
The slitless volume holographic spectrometer is based on a SBVH as a diffractive element. The SBVH is recorded in a holographic medium with thickness L by using a point source and a plane wave as shown in Fig. 1(a) . The hologram thickness (L), the incident angle of the plane wave ͑ r ͒, the location of the point source ͑Ϫa, 0, Ϫd͒, and the wavelength of the recording beams ͑͒ are the design parameters for the recording. The hologram is recorded in the transmission geometry as shown in Fig. 1(a) .
The hologram is then used in the spectrometer arrangement shown in Fig. 1(b) . The reading beam illuminates the hologram primarily in the direction of the recording spherical beam. Therefore, for the desired range of wavelength, the diffracted beam diffracts mainly in the direction of the recording plane wave as indicated in Fig. 1(b) . The Fouriertransforming lens is placed in the main direction of the diffracted beam, and the output is captured in the focal (or Fourier) plane of the lens by using a CCD camera. The focal length of the lens (f) is another design parameter of the spectrometer. The SBVH in this arrangement can be directly read with a noncollimated beam, and there is no need to use a slit in the input of the spectrometer. 3 Therefore the SBVH is positioned at the very beginning of the system.
To analyze the slitless spectrometer, we first find the optical transfer function of the system shown in Fig. 1(b) . The transfer function is defined as the output of the system [at the CCD plane in Fig. 1(b) ] to an arbitrary input plane wave (with arbitrary propagation direction) at an arbitrary wavelength Ј. 9 In general, any input beam at wavelength Ј can be represented as a summation of several plane waves at that wavelength. Therefore, using the transfer function, the output of the system to an arbitrary beam can be found at any wavelength. As a result, the output corresponding to any input beam can be found by the analysis of different wavelength components of the beam.
We recently presented the complete analysis of a SBVH when it is read by a collimated beam from the direction of the point source at an arbitrary wavelength. 7 In that analysis the spherical beam was decomposed into several plane-wave components. Each plane wave was assumed to form a hologram with the reference beam. To estimate the diffracted beam, we found the superposition of the diffracted plane waves from the corresponding holograms when they are read by a collimated beam at wavelength Ј. All the diffraction components were calculated by using the Born approximation. We can use the same approach (as presented in Ref. 7) to study the properties of the slitless volume holographic spectrometer under diffuse light illumination at wavelength Ј. To calculate the output, we first find the transfer function (i.e., the output from a specific input plane wave at wavelength Ј) and then incoherently add the output components corresponding to different plane-wave components of the input beam. We assume that the reading beam consists of several plane waves propagating in different directions and with independent random phases with a uniform probability distribution. Throughout the analysis, we also assume that both recording and reading beams have TE polarization [i.e. electric field normal to the incident x-z plane in Fig. 1(a) ]. Calculation for the TM polarization (i.e. magnetic field normal to the incident x-z plane) can be found in a similar way.
To find the transfer function, we assume that the electric field of a reading plane wave propagating in the direction k i Ј ϭ k ix Јâ x ϩ k iy Јâ y ϩ k iz Јâ z with amplitude A i and phase i is represented by
From the analysis of Ref. 7 , the electric field of the diffracted beam ͑E id ͒ from a SBVH can be written as
where k rx represent the x component of the recording plane wave in Fig. 1(a) and the diffracted field in the spatial-spectral domain ͓i.e., Ẽ id ͑k x , k y , z͔͒ is represented by 7
In Eq. (3) ⑀ is the permittivity of the holographic recording material, ⌬⑀ is the amplitude of the modulated permittivity, kЈ is the wavenumber at wavelength Ј, and K gz and k idz are given by
where k is the wavenumber at wavelength , K gx ϭ k rx Ϫ k x , K gy ϭ Ϫk y , and k r ϭ k rx â x ϩ k rz â z is the propagation vector of the recording plane wave. Now we assume that the Fourier-transforming lens is located at a distance f from the hologram as shown in Fig. 1(b) . Although this is not a necessary assumption for the operation of the spectrometer (i.e., the Fourier transform can be obtained by other arrangements of the lens), it simplifies the calculations by eliminating the quadratic phase term that results from the Fourier-transform operation of the lens. 9 In this configuration the CCD is located exactly at the back focal plane (or Fourier plane) of the lens. By assuming the lens is very large compared with the size of the hologram and by using the paraxial approximation, one can write the electric field of the output beam in the Fourier plane of the lens as 9
where u and v are the output coordinates in the focal plane and f x and f y are the frequency variables of the two-dimensional Fourier-transform operator F{ } defined as 9
From Eq. (2) it is clear that the diffracted beam ͑E id ͒ can be also represented as a Fourier transform. Therefore Eq. (6) can be rewritten as
Substituting Ẽ id ͑k x , k y , z͒ from Eq. (3) and replacing k x and k y by their corresponding arguments according to Eq. (8), the transfer function (the output electric field) can be written as
As seen from Eq. (9), the amplitude of the transfer function (the electric field in the output, E io ) is a function of the output coordinate (u, v) . Note that the maximum of H occurs at the output coordinates for which the argument of the sinc function in Eq. (9) is zero. The locus of the maximum electric field is also a function of the reading-beam direction represented by k ix Ј and k iy Ј in Eq. (9). However, the effect of the direction of the reading beam on the location of the diffracted beam in the output is minimal for the practical range of angles as we will examine below. To find the output to an incoherent beam, we should add the output intensities of all of the input plane-wave components [each one is a plane wave in Eq. (1) with a random phase]. Therefore the total output intensity is
where the integration is over all the spatialfrequency components ͑k ix Ј and k iy Ј͒ of the input reading beam. It should be noted that all the parameters should be calculated considering the refractive index of the holographic material. Figure 2 shows the intensity distribution in the output for the region corresponding to the CCD area ͑6.9 mm ϫ 4.6 mm͒ when a typical hologram is read with a spatially incoherent beam. In this calculation the reading beam is modeled as a series of plane-wave components with equal amplitudes and independent random phases for the incident angles in the range from Ϫ s Ј to s Ј with 2 s Ј the actual divergence angle of the input beam in the actual experiments in both x and y directions. The hologram is assumed to be recorded by using the setup in Fig. 1(a) with d ϭ 4 cm, L ϭ 300 m, r ϭ 46°, and s ϭ Ϫ9°. The reading wavelength is Ј ϭ 532 nm and is equal to the recording wavelength (). The refractive index of the recording material is assumed to be 1.5. The results in Fig. 2 are calculated by using s Ј ϭ 5°. As is seen from Fig. 2 , the output is a single crescent, which is very similar to the output when a single collimated beam reads the hologram. Therefore the outputs of different plane-wave components (or directions) of the reading beam at a single wavelength almost overlap at the same location in the output plane.
Note that for the experimental measurements, the Fourier-transforming lens is mounted perpendicular to the direction of the diffracted beam as shown in Fig. 3 . Compared with the arrangement shown in Fig.  1(b) , the experimental configuration is rotated and also shifted in the space domain. The rotation of the Fig. 2 . Theoretical intensity distribution in the output of the slitless holographic spectrometer estimated for the region corresponding to the CCD area when the hologram is read with a spatially incoherent reading beam. The incident angle of the reading beam is assumed to be from Ϫ5°to 5°measured in the air in both the x and the y directions corresponding to the total solid angle of 0.03 sr. The hologram is assumed to be recorded by using the setup in Fig. 1(a) with d ϭ 4 cm, L ϭ 300 m, r ϭ 46°, and s ϭ Ϫ9°. The reading wavelength is 532 nm, which is equal to the recording wavelength. The refractive index of the recording material is assumed to be 1.5. lens is equivalent to the rotation (or a phase shift) of the incident beam in paraxial approximation. Therefore the effect is equivalent to a shift in the Fourier domain or a shift in the position of the diffracted crescent in the Fourier plane of the lens. Also, the shifts in the lens coordinate, as it is seen in Fig. 3 compared with Fig. 1(b) , results in a shift in the Fourier coordinates. Therefore the difference in the theoretical configuration with the experimental setup is a shift in the Fourier plane and can be compensated for with a constant shift. The theoretical configuration reduces complicated conversions between rotated coordinates and is easier to analyze. On the other hand, the main benefit of mounting the lens in the direction of the diffracted beam in the experimental setup is to reduce the vignetting effect caused by the limited size of the lens. Also, the aberration introduced by the lens is minimal in this configuration. 9 
Transfer Function of a Spectrometer Based on a Plane-Wave Hologram
To better understand the properties of the slitless volume holographic spectrometer, we compare it with a spectrometer based on a conventional implementation shown in Fig. 4 . This spectrometer consists of a 4f-like system that images the input to the output at each wavelength. The hologram crosses the Fourier plane of the first lens and contains its focal point as shown in Fig. 4 . The angle between the hologram and the input plane (␣) in the spectrometer setup is determined by the desired wavelength range of operation and the hologram recording parameters (i.e., the direction and the period of the grating). The hologram is recorded with two interfering plane waves at wavelength by using transmission geometry. The total angle between the recording beams in the air is 2, and the beams have equal incident angles (measured between each beam and the normal to the hologram surface). Therefore the grating vector ͑K g ͒ is parallel to the hologram's larger surface (parallel to the x axis in Fig. 4) , and its magnitude is 4 sin͑͒͞. Using the Born approximation, 10 we can write the output corresponding to a monochromatic input point source at wavelength Ј located at ͑x i , y i ͒ (i.e., the point-spread function) as
where ͑x o , y o ͒ represent the output coordinates; f is the focal length of the lenses; n is the index of refraction of the holographic material; K g is the magnitude of the grating vector; and L 1 , L 2 , and L 3 are the hologram dimensions in the x, y, and z directions, respectively. The amplitude factor C is a function of the diffraction efficiency of the hologram and can be estimated from the Born approximation when the amplitude modulation of the permittivity (or the modulated refractive index) of the hologram is given. Since the throughput of the spectrometer is an important design factor, the hologram should have a high diffraction efficiency. The ideal case would be a hologram with 100% diffraction efficiency. Therefore the Born approximation is not accurate for estimating such diffraction efficiencies, and more accurate models, such as the Kogelnik method 11 or the rigorous coupled-wave analysis (RCWA) method, 12 must be used. The RCWA method considers all the reflected and transmitted orders for diffraction and yields to accurate numerical estimation in most cases. 12 In the Kogelnik method, which provides the closed-form solution, only the zeroth and first-order diffraction for the transmitted beam is considered and might not result in a very accurate estimation when reflection at the boundaries is significant. It should be noted that the results from the Kogelnik and RCWA approaches are exactly the same if we 
In both of the accurate approaches (RCWA and Kogelnik) the hologram is assumed to have infinite transverse dimensions. While the Born approximation is a valid assumption for weak holograms, as is illustrated in Eq. (11), it provides a closed-form solution and can also be used for a hologram with finite lateral dimensions. When the hologram becomes strong, the depletion of the reading beam should be taken into account for the Born approximation. Comparing the Born approximation with the Kogelnik method, we expect that the depletion of the reading beam results in the variation of the diffraction efficiency as a sin 2 of the constant C in Eq. (11) . It means that we can simply use the "sin" of the point-spread function in Eq. (11), and the results would be similar to those we can obtain from the Kogelnik method for all practical purposes. We refer to this method as the modified Born approximation, and we calculate the diffraction efficiency ͑ MB ͒ as MB ϭ sin 2 ͑ͱ Born ͒, where Born is the diffraction efficiency calculated by using the Born approximation. Figure 5 (a) shows the diffraction efficiency of a typical strong hologram as a function of normalized modulated permittivity ͑⌬⑀͞⑀͒ when it is calculated by using the Born approximation, the modified Born approximation, and the Kogelnik method. The hologram is assumed to be recorded by using two plane waves at a 532 nm wavelength. Each plane wave has an incident angle of 35°in air. The refractive index of the recording material is n ϭ 1.5. The hologram is read with one of the beams to match the Bragg condition. The hologram thickness is assumed to be 100 m. The polarization of the recording beams is TE. As is seen in Fig. 5(a) , the maximum diffraction efficiencies calculated by using the modified Born approximation and the Kogelnik method are exactly the same. Note that using the Born approximation for large permittivity modulations results in diffraction efficiencies greater than 100% that are meaningless. From Fig. 5(a) it is clear that the Born approximation is valid for diffraction efficiencies less than 10%. We have found similar behavior for TM polarization (i.e., magnetic field perpendicular to the plane of incidence). Figure 5(b) shows the diffraction efficiency for the same hologram and for the maximum permittivity modulation ⌬⑀ ϭ 0.0062⑀ when the incident angle of the reading beam is changed from 32°to 38°out-side the material. The reading beam at a 532 nm wavelength has TE polarization. There is an excellent agreement between the modified Born approximation and the Kogelnik method. Again, similar results were obtained for TM polarization. Therefore the modified Born approximation can be used with good accuracy for the analysis of the strong grating, while it provides an analytic solution for holograms with finite lateral dimensions. Note that we have not yet developed a mathematical proof for the equivalence of the two techniques (modified Born and Kogelnik), but all our observations suggest a very good agreement between them.
For finding the complete output of the spectrometer, we assume that the input is a spatially incoherent source with uniform intensity I i over a slit in the input plane. We also assume that the slit sizes in the x and y directions are s x and s y , respectively. Therefore the output corresponding to this input can be found from the convolution of |h| 2 [from Eq. (11)] with the intensity distribution of I i rect͑x͞s x ͒ rect͑y͞s y ͒, where the rectangle function ͓rect͑u͔͒ is defined as Fig. 5 . Diffraction efficiency of a plane-wave hologram (a) as a function of normalized modulated permittivity (⌬⑀͞⑀) for a Braggmatched reading beam and (b) as a function of the incident angle of the reading beam for ⌬⑀͞⑀ ϭ 0.0062, calculated by using the Born approximation and the Kogelnik method. The hologram is assumed to be recorded by using two plane waves at a 532 nm wavelength. Each recording plane wave has an incident angle of 35°in air. The refractive index of the recording material is n ϭ 1.5. The hologram thickness is assumed to be 100 m. The polarization of the recording beams is TE. The diffraction efficiency in the modified Born approximation ( MB ) is calculated as MB ϭ sin 2 ͑ͱ Born ͒, where Born is the diffraction efficiency calculated by using the Born approximation as described in the text.
When the diffraction efficiency of the hologram is high, we can use the modified Born approximation by the convolution of sin͑ԽhԽ͒ 2 with the intensity distribution of the input slit.
Experiments
In this section the theoretical results are compared with the experimental results for both the slitless volume holographic spectrometer and the conventional holographic spectrometer. For all the experiments, the holograms were recorded in an Aprilis photopolymer 13 with a refractive index of 1.5. The recording wavelength was 532 nm. The polarization of the recording beams was TE, and the holograms were recorded in transmission geometry.
For the SBVH, the hologram was recorded by using the setup in Fig. 1(a) with d ϭ 4 cm, r ϭ 46°(in air) , s ϭ -9°(in air), and L ϭ 300 m. For the conventional spectroscopy, we used a plane-wave hologram recorded by using two coherent plane waves at ϭ 532 nm, each having an incident angle of ϭ 35°in air with respect to the normal to the surface of the recording material. The hologram dimensions were 1 cm, 1 cm, and 100 m, corresponding to L 1 , L 2 , and L 3 in Fig. 4 , respectively. The reason that a thinner hologram was used for this case was to obtain broader wavelength selectivity.
The reading configuration for the SBVH is shown in Fig. 3 . A beam from a monochromator with an output aperture size of 1 mm reads the SBVH after it passes through a rotating diffuser. The full width at half-maximum (FWHM) of the output of the monochromator was ϳ7.5 nm for the range of wavelength used in the experiment. The rotating diffuser is placed adjacent to the hologram (not shown in Fig. 3 ) to generate a spatially incoherent reading beam that reads the hologram from almost every direction. The focal length (f) of the Fourier-transform lens was 10 cm. The diffracted beam was monitored by using a cooled CCD camera with 9 m ϫ 9 m pixels mounted at the focal plane of the lens. The experimental result for the reading beam with three wavelength components at 492, 532, and 562 nm (from left to right, respectively) is shown in Fig. 6(a) . The output corresponding to each wavelength was obtained separately, and the results were added to obtain this figure. The theoretical results corresponding to the experimental ones are shown in Fig. 6(b) . The theoretical results were obtained from the analysis presented in Section 2 for the experimental parameters. Figure 6 shows good agreement between the theoretical and the experimental results. Note that the sidelobes in the experimental results [ Fig. 6(b) ] look stronger than those in the theoretical results [ Fig.  6(a) ]. We believe this is because of the high diffraction efficiency of the SBVH in the experimental case that is not precisely modeled using the Born approximation.
For the conventional plane-wave holographic spectrometer (with slit present), the hologram was read by a beam obtained by passing white light through the monochromator described earlier, with a FWHM of 7.5 nm centered at a 532 nm wavelength. The beam was collimated and passed through a square opening (or slit) with dimensions of 140 m ϫ 140 m. The focal length of the lenses was 6.5 cm. The output was monitored by using a commercial CCD camera with a pixel size of 9.8 m ϫ 9.8 m.
Note that the CCD in this case is different from that used in the previous experiment; however, this does not affect our results. The intensity distribution along the x axis in the output plane (x o axis in Fig. 4) is shown in Fig. 7(a) . The intensity distribution was also found theoretically by taking into account the Fig. 6 . Output of the slitless spectrometer for an input beam with wavelength components at 492, 532, and 562 nm obtained from (a) experiment and (b) theory. The SBVH was recorded by using the parameters in Fig. 1 (a) with d ϭ 4 cm, r ϭ 46°(in air), s ϭ Ϫ9°(in air), L ϭ 300 m, and f ϭ 10 cm. The recording wavelength was 532 nm. The pixel size of the CCD camera was 9 m ϫ 9 m. Note that the sidelobes in the experimental results look stronger than those in the theoretical results. We believe this is because of the high diffraction efficiency of the SBVH in the experimental case that is not precisely modeled using the Born approximation.
FWHM of the reading beam and is shown in Fig. 7(a) . The same results for the y axis in the output plane (y o axis in Fig. 4) are shown in Fig. 7(b) . The main reason for the difference in the output along the x and y directions is the finite linewidth of the monochromator. Since the grating vector is perpendicular to the y axis (Fig. 4) , the broadening is observed only in the x direction. This effect is observed in both theoretical and experimental results. In the y direction the output is almost identical to the input in both the theory and the experiment. As is seen from these figures, there is a good agreement between theoretical and experimental results for the conventional spectrometer.
Comparison
In this section we use the theoretical model we derived so far to qualitatively compare the performance of spectrometers implemented based on two methods. We start by finding the output of the conventional spectrometer to a monochromatic and incoherent input beam. We then find the response of the slitless spectrometer to the same input and show the similarities between the two systems. We then discuss the effect of the different components on the performance of each system.
We assume that the input to the conventional spectrometer, shown in Fig. 4 , is an incoherent beam at wavelength Ј, consisting of several plane-wave components with random relative phases. A slit of the width s w is placed in the object plane in Fig. 4 to allow a small portion of each plane-wave component to enter the spectrometer. For each monochromatic plane wave, the conventional spectrometer is equal to a 4f imaging system with the point-spread function given by Eq. (11) . Therefore the output is a slit with the width s w that is blurred with the point-spread function h. The effect of the change in the direction of the input plane wave does not change the location of the output since the 4f system images the input slit into the same output image at each wavelength. Therefore the total output for the incoherent input is equal to the incoherent (or intensity) summation of the outputs of all plane-wave components. Note that the performance of the 4f system is precise into the paraxial regime and is limited to a vignetting effect of the first Fourier-transforming lens (the lens before the hologram). 9 We derived the output of the slitless spectrometer to an incoherent input in Section 2. We showed that the output was a portion of a ring (or a crescent) as shown in Fig. 2 . We assumed that the monochromatic incoherent input beam is a summation of several plane-wave components with random phases. The output of each plane wave is a crescent in the output. The crescents for different plane-wave components overlap in the output at a location that is a function of the input wavelength. Therefore the total output is the incoherent (or intensity) summation of the individual crescents at the output plane.
Comparing the operating principles of the two spectrometers yields several similarities. The output corresponding to a monochromatic input plane wave does not change with the incident angle of the plane wave. Therefore the output to a monochromatic incoherent beam can be found by adding the output intensities of individual plane-wave components. Also, we found that the spatial-intensity pattern of the spectrometer output is a function of the input wavelength in both cases. In the conventional spectrometer the output is a narrow slit, while in the slitless spectrometer it is a narrow crescent for each monochromatic input beam. Since the output of the con- Fig. 4 ). The square shape was selected to show the difference in the output for different input directions. The output was monitored by using a commercial CCD camera with a pixel size of 9.8 m ϫ 9.8 m. Note that only the range of CCD pixels corresponding to a significant output signal is shown.
ventional spectrometer is almost the image of the input slit, we can substitute the rectangular input slit with a crescent-shaped slit (a transparency function similar to the beam shape in Fig. 2) , and the results of the conventional spectrometer would be the same as those of the slitless spectrometer. This suggests that the two systems operate similarly. By comparing the configuration of the slitless spectrometer (Fig. 3) with the conventional spectrometer (Fig. 4) , we conclude that the role of the SBVH is to implement three elements of the conventional spectrometer [i.e., the input slit, the input lens, and the diffractive element (plane-wave hologram)] into one element (i.e., the SBVH). To be more specific, in the slitless spectrometer the input lens is implemented with a grating formed by a spherical beam and a plane wave. Also, the role of the slit in the conventional spectrometer is implemented by the Bragg selectivity of the volume hologram.
To further compare the two systems we must take into account some practical limitations such as the numerical aperture (NA) of the lenses. For example, the NA of the lens used to form the point source for recording the SBVH is the key parameter that specifies the range of the incident angle of the input beam of the spectrometer (reading beam), which by itself defines the throughput. Similarly, the NA of the first lens in the arrangement of the conventional implementation is the important parameter in finding the range of the incident angle of the input beam to the system. For example, if the input source is a fully incoherent source that emits light in all directions, only a portion of the energy that is distributed over a 4 sr solid angle goes into the system. Therefore a limitation exists on the acceptance input power owing to the limited NA of the practical lenses in both cases. Lenses with high NA are difficult and costly to make. For the conventional spectrometer, the lens is a part of the actual system. However, in the slitless spectrometer, the lens is used to record the hologram that is installed in the system. Therefore the cost per device of the slitless spectrometer with a lens with high NA is much less than that of the conventional spectrometer with a similar input-lens performance.
For the dispersive element that should be used in each system, both the diffraction efficiency and the wavelength selectivity of the holograms are important. In the conventional spectrometer the grating should be thin (thickness in the range of a few micrometers) to diffract a large range of the wavelength with a high diffraction efficiency. On the other hand, the diffraction efficiency of the hologram reduces with decreasing material thickness. 10 -12 The main challenge in fabricating the holograms for conventional spectrometers is maximizing the diffraction efficiency for thin material. In the slitless spectrometer, in contrast to the conventional spectrometer, the range of the diffracted wavelength is limited by the divergence angle of the recording point source. The wider the angle is, the larger the wavelength range of the operation is. Therefore there is no direct relation (or trade-off) between the operating range of the wavelength and the thickness of the material. However, the hologram thickness defines the crescent thickness and therefore the wavelength resolution. The thicker the hologram, the narrower the crescent, and the higher the resolution. The role of the thickness of the hologram in the slitless spectrometer is similar to the width of the slit in the conventional spectrometer. As we mentioned before, increasing the material thickness results in a higher dynamic range for holographic recording. In the slitless spectrometer increasing the material thickness improves the peak diffraction efficiency of the crescent. Therefore the peak diffraction efficiency and the wavelength resolution can be improved simultaneously by using a thicker hologram. This makes the fabrication of the SBVH very easy for the slitless spectrometer. Furthermore, we can multiplex more SBVHs to obtain multiple (thin) crescents for each wavelength to avoid losing the throughput of the spectrometer. The detection parts of both devices are almost the same, and we do not consider the effects of the CCD in our analysis.
Implementing three different elements of the conventional spectrometer into one element in the proposed slitless spectrometer makes the device more compact. Also, the Fourier-transform lens can be placed quite close to the hologram to further reduce the total size of the device. Since the slitless spectrometer uses fewer optical elements, it is less sensitive to alignment. Also, removing the input slit and lens reduces the total cost of the device. The SBVH is placed at the very beginning of the device, and the coupling to the device is very easy. All these features make the proposed slitless spectrometer a very good candidate for low-cost, portable spectrometers. Furthermore, replacing the input slit and lens with a volume hologram provides us with more design flexibility, especially for application-specific spectrometers, through optimization of the volume hologram that we record. Some possibilities include multiplexing several SBVHs to develop a more complex spatial-spectral pattern in the spectrometer output (compared with a simple crescent) to implement multimode-multiplex spectroscopy. Such complex (and, in the ideal case, optimal) volume holograms in the slitless architecture would implement complex slits in conventional architecture that are more expensive and more alignment sensitive. Note that by using a more complex volume hologram, it is even possible to remove the Fourier-transform lens and to develop an ultracompact spectrometer, which is composed of only a volume hologram and a CCD camera (or a detector array).
Conclusion
We presented here a complete analysis of the slitless spectrometer based on a spherical beam volume hologram (SBVH). The proposed spectrometer consists of a SBVH, followed by a Fourier-transform lens and a CCD. We derived the transfer function of the slitless spectrometer and showed that the output was not sensitive to the incident angle of the input beam. We showed that the theoretical results agree well with the experimental data. Also, we found the transfer function of the conventional spectrometer that consists of an entrance slit, a collimating lens, a plane-wave hologram, a collector lens, and a CCD. Again, the agreement between the theoretical and the experimental results was very good. Using the theoretical models, we showed that the slitless spectrometer is a compact implementation of the conventional spectrometer when the slit is implemented by the Bragg selectivity of the volume hologram and that the function of the collimating lens is included in the SBVH. Therefore the proposed method enables us to make compact and low-cost spectrometers suitable for portable applications. Since the hologram is placed at the input of the spectrometer, light can easily couple into the device.
We also showed that the slitless architecture has more design flexibility, as the dependency of the performance on the design parameters is different from that of the conventional spectrometer. In particular, we showed that the wavelength range of operation depends on the recording parameters of the SBVH (basically, the divergence angle of the recording spherical beam) in the slitless spectrometer in contrast to that dependency on the thickness of the holographic material in the conventional spectrometer. We also showed that the resolution of the slitless spectrometer is a function of hologram thickness and that it is possible to design an optimal spectrometer by simply recording an optimal volume hologram, which does not add to the hardware complexity of the spectrometer.
